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ABSTRACT 
The premartensitic temperature dependence of ultrasonic wave prop-
agation in Fe-30 pet Ni polycrystals and Fe-32 pet Ni single crystals 
was measured by using a continuous wave technique. As the temperature 
was lowered to within l0°C of the Ms, a nonlinear decrease of the rela-
tive shear velocity was observed. This effect is related to dislocation 
stacking fault instabilities which may trigger the martensitic phase 
transformation. In addition, the single crystals show a frequency de-
pendence of the shear elastic constant C' well above the Ms. The dis-
persion is believed to be caused by fluctuations in the anisotropic mol-
ecular field which precede the magnetic transformation which occurs with 
the formation of martensite. 
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1 
I. INTRODUCTION 
The martensitic transrormation is a difrusionless phase change, 
which involves, at least partially, a shear derormation or the parent 
lattice. Although numerous studies have been made on the crystallog-
raphy and the kinetics or the martensitic transrormation, the basic 
1 
triggering mechanism is not clearly understood. 
Theoretical calculations indicate that martensite nuclei are not 
created by random rluctuations in derect-rree regions or the solid so-
lution, but instead, must be catalysed by existing derects, heterogen-
2,3,4 
ities, or internal stress rields. In particular, the possibility or 
the parent phase in the vicinity or a derect becoming unstable at the Ms 
1 
temperature eliminates the need ror nucleation in the classical sense. 
This is reasible ror the decomposition or a F.c.c. structure into a co-
herent hexagonal martensite, since single stacking raults could initiate 
5,6,7 
the transrormation. A similar stacking ~ault embryo exists ror the 
8,9 
F.c.c. to B.c.c. (or B.C.T.) transrormation. 
This paper reports the premartensitic temperature dependence or 
ultrasonic wave propagation in two Fe-Ni Invars. The results are inter-
10,11 
preted in terms or dislocation stacking rault instabilities and anis-
otropic magnetic rield rluctuations which precede the martensitic trans-
rormation. 
2 
II. EXPERIMENTAL PROCEDURE AND RESULTS 
The samples used in this investigation included both single crys-
tals and polycrystals of Fe-Ni in the vicinity of the Invar composition. 
The polycrystalline Fe-30 wt pet Ni samples, prepared from 99.9 pet 
starting materials by melting in a He-3 pet H atmosphere, contained 
2 
0.002 wt pet carbon, 0.001 wt pet nitrogen, and 0.042 wt pet oxygen. 
The single crystals were grown by the Bridgman method under purified 
argon from 99.99 pet pure iron and nickel. The composition, as deter-
mined by chemical analysis, was: nickel 32.22 wt pet, carbon 0.015 wt 
pet, nitrogen 0.0003 wt pet, and oxygen 0.005 wt pet. These crystals 
were cut into cylinders (0.75 in. long, 0.5 in diameter) such that the 
longitudinal axis was within 2° of a {110} direction. Thus the AC cut 
quartz transducers could be oriented to yield relative changes in either 
C or C' = 1/2 
'+~ (C - C ), while X 11 12 cut transducers gave changes in 
c = L 
above 
1/2 (C + c 
12 





75°C. A frequency 
The Curie temperature of all samples was 
10,15,16 
modulated continuous wave technique, 
shown schematically in Figure 1, was used to measure the relative change 
in resonance frequency, 6F/F, as the sample was cooled at 22° C/hr. The 
thermal expansion, 61/t, was determined simultaneously by measuring the 
change in resistance of a temperature uncompensated strain gage using a 
Wheatstone bridge balanced by a lock-in amplifier. The measured compos-
ite oscillator (transducer + sample + transducer) frequency was corrected 
17 
to obtain the actual sample resonance frequency. 
The relative change in ultrasonic velocity is obtained from 
~ iir !!.. + 61 
V F t 
(1) 
3 
while the change in elastic constant is 
llC = 2/!.V _ 3AR. = 2/!.F _ !!.! 
C V t F t (2) 
For a given run, llF/F and t.t/t could generally be reproduced to bet-
ter than one part in 105 when reversing the temperature, thus, the overall 
precision of t.V/V and t.C/C should be within a few parts in lOs. The ab-
solute deviation between repeated runs of the same frequency and mode in 
the single crystals is given in Table I. The major contributions to 
these errors were uncertainties in transducer orientation and differences 
in sample thermal history. The M temperature of the polycrystals and 
s 
chips of the single crystals, as determined by the abrupt change in 
. 18,19 
1!.1/t, were in reasonable agreement with those previously reported. 
Table I Maximum Deviation in Relative Velocity Measurements 
Frequency (Mhz) Mode No. of Runs Deviation 
3, 7, 11 Longitudinal 4 0.1% 
5, 15 {100} Shear 4 0.15% 
1 {llO} Shear 2 0.2% 
2.8 {ilo} Shear 2 0.1% 
5 {110} Shear 3 0.2% 
15 {llO} Shear 4 0.1% 
Figure 2 shows that the magnetic field required to saturate the 
sample increases with decreasing temperature. Thus, as all measurements 
i ld f 6 ko there will be a change in veloc-were made in a constant f e o e, 
ity and elastic constant due to the change in actual sample magneti-
The magnitude of this effect can be estimated from Equations zation, M. 
1 and 2 by using the values of AF/F and 6!/t which are due only to the 
change in M. The total change in these quantities, due to the change in 
4 
M, on cooling from 70°C to -48°C at an applied field of 6 kOe is 
AF 4 
- = 1 X 10-




The actual measured values of AV44 /v44 and ~c44 /c44 were 1.5 x lo-2 
(Figure 7) and 2.5 x lo-2 (Figure 8) in the same tempe:tature ·span. Thus, 
the change in velocity and elastic constant that was caused by the in-
crease in sample magnetization represented only 1% of the measured value 
of AV/V and AC/C. This effect was, therefore, neglected. 
Figure 3 shows the relative change in shear velocity and modulus 
as a function of temperature. It should be noted that, although there 
is a measurable deviation from linearity in AVs/Vs and ACs/Cs above the 
Ms temperature, the sharp decrease occurs after the transformation has 
started. All polycrystal runs were reversible with respect to thermal 
cycling as long as the temperature was not lowered further than about 
5°C above the Mg. Below that point there vas a permanent drop of the 
sound velocity. 
The effect of room temperature neutron irradiation (nvt = 1015 
neu/CM2, E > 0.1 MeV) on the longitudinal sound velocity is shown in 
Figure 4 and the related plots of Young's Modulus in Figure 5. Although 
the differences between the irradiated curves are within the experimen-
tal error, the irradiated sample showed the smallest AVL/VL and lowest 
Mg of the longitudinal polycrystalline runs. Again, no dispersion was 
recorded. On the basis of these runs it was decided to restrict the 
present single crystal runs to the reversible region above the Mg. 
5 
The relative velocities and elastic constants of the single crys-
tals are given in Figures 6, 7, and 8. An interesting effect is the de-
pendence ~v110/V and hC'/C' on the measuring frequency. It was estab-
lished that this effect was not due to aging or thermal cycling. Since 
the dispersion is seen only in C', which shows anomalous changes prior 
20,21 
to diffusionless transformations in other F.C.C. systems, it is 
felt that it is a premonitory event indicating an instability which 
results in the martensitic transformation. The nature of this insta-
bility will be developed in the discussion. 
The signal voltage transmitted through the sample decreased as the 
temperature was lowered in the single crystal runs. The polycrystals, 
which were transformed, generally showed a maximum attenuation at, or 
just above, the Ms. This maximum was hard to resolve at higher fre-
quencies due to the large damping associated with polycrystalline 
22 
samples. No definite frequency dependence could be established. 
6 
III. DISCUSSION 
The theory of lattice instabilities which lead to the marten-
sitic phase transformation can be studied from the fundamental principles 
of thermodynamics by considering the free energy, 
where Xl, X2 , • • ., Xk are the generalized coordinates. Associated with 
each coordinate, Xn' there is a conjugate generalized force, 
and a generalized stiffness modulus, 
The free energy can be expanded around the reference point 
(Xi, Xi , • • . Xk ) • 
k 
G = G0 + 1: 
n=l 
k k 
p~ a~ + 1/2 1: 1: ~n a~ axn 
i=l n=l 
+ higher order terms 
(4) 
(6) 
Where axn represents arbitrary small variation in the generalized coori-
nate. The stiffness moduli are of particular interest since they describe 
the response of a system to infinitesimal perturbations. If the moduli 
are positive definite <Min > 0) the system is stable while indefinite 
stiffness constants <Min < 0) define an unstable system. Semidefinite 
moduli (Min = 0) define a critical point at which a stable system may be-
come unstable. 23 
Since the martensitic transformation involves a shear of the parent 
lattice the elastic energy, U, which is a function mechanical strain, E, 
can be considered. 
U = U(e:l, e:2, •••• , ~) 
so the macroscopic stress is 
a = au 
n ae: 
n 




Again a thermodynamic (as well as elastic) instability results if 
the elastic constants are indefinite and critical points are indicated by 
semidefinite moduli. It must be pointed out, however, that positive def-
inite elastic constants define only elastic stability, not general thermo-
dynamic stability. 
In the special case of a second order homogeneous shear transfer-
mation, where au/ae:i must be continuous, at least one of the elastic con-
stants must approach zero as T -+ ~ and would become semidefinite if the 
transformation occurred at 0°K. Physically, this means that as the Ms 
temperature is approached the amplitude of the thermally induced strains 
are comparable to those which occur spontaneously with the structural 
transformation. Thus, the transformation takes place by a so:rt shear de-
formation induced by thermal motion. 
24-26 27-29 
This effect has been seen in v 3si and in Nb 3Sn where c' 
approaches zero as the ~ (- 20°K) is approached. In Nb 3Sn this effect 
is attributed to a transverse instability. 28 , 29 Similar results have 
been reported 21,30,31 in TiNi which undergoes a martensitic transfor-
mation at 332°K. 
If' ve consider the more common case of' first order martensitic 
transformations, we see that, in general, the elastic constants decrease 
8 
. 10 32-38 
as T + Ms, but do not d~sappear. ' Thus, these transformations do 
not occur by a uniform macroscopic shear process. The nonuniform shear 
responsible for these transformations appears to be associated with ei-
ther dislocations39-45 or stacking faults.l0,11,45-47 
It has been proposedlO,ll that the nucleation is due to instabili-
ties of stacking faults in the parent phase. The stability criterion is 
therefore 
where GDSF is the free energy of a subvolume containing a dislocation 
stacking ~ault (DSF) and n represents the nonuniform deformation para-
meter of the subvolume under consideration. In this case n is taken to 
be the stacking fault width. 
The free energy of the dislocation stacking fault is 
(8) 
Where G1 is the self free energy of the partial dislocations bordering the 
stacking fault, G2 is the repulsive interaction between the partials, and 
G3 is the stacking fault energy.lO,ll Thus at equilibrium 
= 0 
and an incipient instability is signaled by 
a2 
= 3nz (Gl + G2 + G3) = 0 
(9) 
( 10 ) 
By combining these ideas with the dislocation string model devel-
48 
oped by Granato and Lucke the effect of the DSF on the velocity of ultra-
sonic waves is given byl0 
(ll ) 
Where 
N density of DSF 
P shear modulus of the parent 
b Burgers vector 
V ultrasonic wave velocity 
M effective dislocation mass 
B dislocation damping force 
w measuring frequency 
w0 - dislocation resonance frequency 
The temperature dependence is primarily given by the change in w0 
as given by 
9 
w 2 = !. { C ,.. 2 - 2d12 [K(T - T ) + dR.4 K(T - T )2 (12) 
o M 12 cn2 o c2n2 o 
+ higher order terms J } 
where d and K are constants introduced by the expression for the stack-
11 
ing fault energy and T0 is the temperature at which G3 = 0. It can be 
seen from (12} that the MS, defined by w0 2 = 0, will generally be above 
49 
T0 as seen experimentally. 
Equation (11) shows that there are several features of this model 
that could be experimentally verified. First the magnitude of 6V/V is 
directly related to N and thus could theoretically be increased by cold 
working. However w0 2 is sensitive to the value and distribution of pin-
ning lengths, R., which would decrease as the sample was worked. Since 
these two contributions result in opposite effects, all samples in this in-
vestigation ~re annealed before measuring. Secondly if the pinning 
length could be reduced while holding the other terms constant w0 should 
be increased thus decreasingiAV/VIand possibly the Ms. This effect is 
10 
shown in Figure 4 where a neutron irradiated (~f = 1015) sample is com-
pared to one having the same history except for the irradiation. As 
pointed out in Section II, this effect is small but this is expected 
since the neutron dose is relatively low and the sample was annealed at 
50 
200°C during strain gage mounting. This model also predicts a non-
linear decrease in ~V/V as the Ms is approached. This effect is seen, 
starting about 10°C above the Ms in the polycrystalline plots, particu-
larly for shear waves. 
One of the most interesting features of this model is that the rel-
ative change in velocity should show a frequency dependence. However, no 
dispersion was seen, except in c~ of the single crystals where it is felt 
to be a magnetic interaction not directly related to the DSF and will, 
therefore, be discussed later. The absence of a frequency dependence is 
felt to be primarily due to the distribution of pinning ~engths which re-
51 
sult in a broad range for w0 , instead of the delta distribution assumed 
in this model. It will also be shown that, for these runs, the dislo-
cation damping, B, will dominate the denominator of the frequency portion 
of (11), further surpressing the frequency dependence. 
The theoretical change in velocity at the M due to dislocations s 
can be estimated by using ( ll ) where w0 = 0. 
~~, 4N1Jb2 w2 (lla) ~ 
--
w4 + ~2 T=Ms n2M 
The dislocation density of a well annealed crystal is on the order of 
108 CM/CM-3. Due to the nature of the proposed model, not all disloca-
tiona are expected to contribute to the nucleation process. Therefore, 
the value N = 107 was picked to agree with the number of nucleation sites 
52,53 
predicted by kinetic studies of martensite nucleation. The 
11 
dislocation damping, B, is assumed to be predominately due to the scat-
54 
tering of thermal phonons by the dislocation stress field. 
Fe-30 pet Ni polycrystals 
where 
thus 
a = 3.58 ~ (Ref. 55) 
M = wpa2 = 3.30 x lo-1 4 gm/cm 
b2 = lo-16 cm2 
B 
1.2 kT 
V 2 = 1.23 x lo-4 s a 
~ = 6.6 x 1011 dyne/cm2 
dyne/cm2 
w = 10 Mhz = 6.28 x 107 radian/Sec 
p density 
a lattice parameter 
Vs - shear velocity 
For the 
(13) 
The agreement between this value and the difference between the lin-
ear extrapolation and actual curve for AV/V in Figure 3 is extremely good. 
Similar agreement is seen in Figure 4. Although this agreement must be 
somewhat fortuitous, it lends support to the DSF model. 
It is also interesting to note that for these runs 





Thus equation (lla) can be approximated by 
which is not a fUnction of the measuring frequency. Although there 
should still be a frequency dependence above the Mg. this may partly ex-
plain the lack of dispersion in this study. 
The same theoretical evaluation of ~Vs/Vs for the Fe-32 pet Ni 
single crystals also predicts a relative velocity change of about 
-5 x 10-4 but Figure 7 shows that the extrapolated difference is on the 
order of -1 x lo-2 • In addition, it appears that in the polycrystals the 
DSF become important only within l5°C of the Ms. Thus it follows that the 
dispersion observed in ~C'/C' is not due to dislocation instabilities. 
Instead this dispersion is most likely related to changes in magnetic 
properties which precede the transformation. 
The importance of magnetic energy terms in ferromagnetic materials 
is shown by the anomalous change of the elastic constants at the Curie 
56 13,14 
temperature, especially in Invars 
57-60 
where the molecular field is 
61,62 
inhomogeneous. These changes can be understood by rewriting 
Equation 3a as 
( 3b) 
where Un is the elastic energy of nonmagnetic origin, Um is the isotropic 
magnetic energy, and Ua is the anisotropic magnetic contribution. Since 
Um and Ua are vanishingly small for random spin distributions, there 
should be no magnetic contribution to the elastic energy in the para-
magnetic region. However, at the Curie temperature Un and Ua will ap-
pear thereby changing the elastic constants. Likewise, since 
a<um + Ua)/3£1 • o, the lattice must deform in order to maintain 
13 
equilibrium. This lattice strain is the magnetostriction. 
The isotropic magnetic energy, Um, is given by the isotropic ex-
61,62 
change interaction and will result in volume magnetostriction. Ir 
we do not consider changes in the third order elastic constants, this 
volume magnetostriction will errect only the longitudinal elastic con-
63-65 
stants. Since in ·the present single crystal studies dispersion was 
seen only inC', it is clear that isotropic interactions do not predom-
inate, therefore, anisotropic terms must be considered. 
66 
Kittel ' has shown that the equilibrium magnetic anisotropy energy 
ror cubic crystals can be written as 
(16) 
where al, a2, a3 are the direction cosines between the magnetization 
vector and the cube edges, K is the anisotropy constant ror a rixed lat-
tice spacing, and ~K is the magnetostrictive anisotropy constant which 
relates U to anisotropic lattice distortions. ~ is related to the 
a 
shear moduli and magnetostriction constants, ). , by 
~K = [~]<c'>.~oo- c'+'+>-tu> (17) 
Hence, rluctuations in the anisotropy rield will errect the shear elastic 
constants. 
Relating these ideas to the present experiment requires a knowledge 
of anisotropy rield rluctuations which occur as the Ms is approached. 
The F.C.C. Invar lattices considered here consist or paramagnetic regions 
58-60 
in a ferromagnetic lattice or regions or dilute localized moments 
57 
dissolved in a highly susceptible transition metal matrix. Since onl y 
57,67 
the rerromagnetic conriguration is stable in martensite the marten-
sitic transrormation must be accompanied by a change in the molecular rield. 
14 
This magnetic transition may be preceded by large fluctuations in the 
63 
anisotropy field which will have a critical frequency, we, that de-
creases as the ~ temperature is approached. Hence, the shear elastic 
constants, which are related to magnetic anisotropy energy by 
Equation 17, may show a frequency dependence similar to that seen near 
68 
the Curie temperature in nickel. 
The fact that dispersion is seen only inC', which also shows the 
largest decrease prior to the martensitic transformation, implies that 
the magnetic fluctuations are related to a lattice instability. This is 
also supported by the fact that the dispersion occurs over a much wider 
temperature range than seen in the second order par~agnetic to ferro-
68 
magnetic transition. It is, therefore, felt that the frequency de-
pendence of C' is o.f magnetic origin and is directly related to a lattice 
instability which, in turn, results in the martensitic phase transfer-
mation. Any theory which would quantitatively explain this effect must 
relate fluctuations in the lattice to magnetic fluctuations and is be-
yond the scope of this study. 
IV. CONCLUSION 
Several martensitic phase trans~ormations show anomalous be-
havior o~ the second order elastic constants above the Ms temperature. 
These premonitory e~~ects are related to incipient instabilities which 
cause the trans~ormation. Two such e~~ects were seen in the present 
Invar studies. 
15 
The ~irst was a nonlinear decrease o~ the shear velocity prior to 
the trans~ormation in polycrystalline samples. The theory that this 
e~~ect is due to instabilities o~ dislocation stacking ~aults, which may 
trigger the trans~ormation, is supported by the ~act that neutron ir-
radiation, which should produce additional dislocation pinning points, 
slightly suppresses the change. Also, the theoretically predicted mag-
nitude o~ the e~~ect agrees quite well with the observed change. 
The second e~~ect was the ~requency dependence o~ C' which ap-
peared well above the Ms temperature. It is ~elt that this dispersion 
is due to ~luctuations in the anisotropic magnetic ~ield and is re-
lated to the lattice instabilities which are responsible ~or the trans-
~ormation. 
Thus, it appears that well above the Mg temperature incipient lat-
tice instabilities are signaled by ~luctuations in the magnetic ~ield 
while the actual nucleation o~ martensite occurs by the DSF model. This 
study shows, once again, that martensite is ~ormed by a shear process and 
that a complete understanding requires a knowledge o~ lattice, de~ect, 
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FIGURE CAPTIONS 
Figures 
1. Schematic of' experimental apparatus 
2. Normalized resonance t'requency of' {100} shear waves as a !'unction 
of' applied magnetic t'ield t'or an Fe-32% Ni single crystal 
3. Relative change in shear velocity and shear elastic constant as 
a !'Unction of' sample temperature t'or an Fe-30% Ni polycrystal 
4. Relative change in longitudinal velocity as a !'unction of' sample 
temperature t'or neutron irradiated and unirradiated Fe-30% poly-
crystals 
5. Relative change in Young's Modulus as a !'Unction of' sample temp-
erature t'or neutron irradiated and unirradiated Fe-30% Ni poly-
crystals 
6. Relative change in longitudinal velocity and elastic constant as 
a !'unction of' sample temperature t'or an Fe-32% Ni single crystal 
7. Relative change in shear velocity as a !'unction of' sample temp-
erature and measuring t'requency t'or an Fe-32% Ni single crystal 
19 
8. Relative change in shear elastic constants as a !'unction of' sample 
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